The seismic response of multi-story building supported on various base isolation systems during impact with adjacent structures is investigated. The isolated building is modeled as a shear type structure with lateral degree-of-freedom at each floor. An impact element in the form of spring and dashpot is used to model the adjacent structure (i.e. retaining wall or entry bridge). The coupled differential equations of motion for the isolated system are derived and solved in the incremental form using Newmark's step-bystep iteration method. The variation of top floor absolute acceleration and bearing displacement for different isolation systems during impact upon the adjacent structures under different earthquakes is computed to study the behavior of the building during impact and comparative performance of various isolation systems. The impact response of isolated building is studied under the variation of important system parameters such as size of gap, stiffness of impact element, superstructure flexibility and number of story of base-isolated building. It is concluded that the response of base-isolated structures is affected when impact takes place with the adjacent structures and hence need to be avoided. The superstructure acceleration increases and the bearing displacement decreases due to impact with adjacent structure. However, even after the occurrence of impact phenomenon, the isolation remained effective as compared to the non-isolated structure. Further, it is also observed that superstructure acceleration increases with the increase of the isolation gap up to a certain value and then the acceleration decreases with further increase of gap. The effects of impact are found to be severe for the system with flexible superstructure, increased number of story and greater stiffness of the adjacent structure.
Introduction
Conventional earthquake-resistant design technique is based on the philosophies that the structural safety must be assured in extreme earthquakes and the structural damage should be minimized or avoided in moderate earthquakes. To satisfy these design criterions, a structure needs to be designed with sufficient strength to withstand earthquake forces, adequate ductility to absorb earthquake energy and appropriate stiffness to maintain structural integrity and serviceability. In recent years, a new design philosophy i.e. base isolation technique based on aseismic design criteria has emerged aiming at reducing the seismic damage by providing an isolation system at the base of a structure. In isolated structures, due to insertion of a flexible layer between foundation and superstructure, the fundamental time-period of the system increases to a value higher than the predominant energy containing time-periods of earthquake ground motions. Since a base-isolated structure has fundamental frequency lower than both its fixed base frequency and the dominant frequencies of ground motion, the first mode of vibration of isolated structure involves deformation only in the isolation system whereas superstructure remains almost rigid. In this way, the isolation becomes an attractive approach where protection of expensive sensitive equipments and internal non-structural components is needed.
Since the inception of novel idea of base isolation, variety of isolation devices have been developed and implemented in real-life projects for aseismic design of structures [1, 2] . However, with the addition of flexible layer at foundation level the peak base displacements increase significantly during earthquakes and the structure can collide upon adjacent structures like boundary retaining walls, entrance ramps, etc. Further, in case of long buildings, expansion gaps are invariably provided to accommodate the displacements taking place due to temperature variations. For such a long base-isolated buildings, there are likely chances of impact to occur at the expansion gaps when the two building units vibrate out of phase. Such incidence of impact in case of baseisolated buildings has been reported during 1994 Northridge earthquake resulting in higher accelerations in the superstructure than the predicted accelerations [3] .
The first attempt to solve impact problem in case of a base-isolated structure was made by Malhotra [4] and Tsai [5] . The superstructure was idealized as rigid shear beam structure colliding on adjacent retaining wall modeled as a spring element. Dimova [6] carried out an analytical study on modeling of collision in sliding systems subjected to seismic excitations based on the impact laws of mechanics of two particles using coefficient of restitution to account for energy losses. A case study was carried out by Nagarajaiah and Sun [3] on base-isolated Fire Command and Control building in Los Angeles during 1994 Northridge earthquake. It was observed that the response of base-isolated buildings has altered significantly due to occurrence of impact. The above review indicates that very few studies are reported on the behavior of base-isolated buildings during impact. Therefore, it will be interesting to study the dynamic behavior of flexible multi-story building supported on different isolation systems during impact with adjacent structure.
In this paper, the impact response of base-isolated multi-story buildings is investigated under different real earthquake ground motions. The specific objectives are to study: (i) the performance of different isolation systems during impact, (ii) influence of variation in parameters of base-isolated buildings such as flexibility of superstructure and number of story on the impact response and (iii) effects of variation in properties of the adjacent structure such as stiffness and isolation gap distance on the impact response quantities. Fig. 1 shows the idealized mathematical model of the N-story base-isolated building considered in the present study. The base-isolated building is modeled as a shear type supported on various base isolators. At each floor, one lateral degree-of-freedom is considered under unidirectional earthquake excitation. The adjacent structures such as retaining walls, entry bridges, etc., are modeled by using an impact element characterized by the stiffness and damping properties as required in the analysis of a standard vibro-impact problem [7] . The adjacent structure is situated at a distance, d from the base mass of the isolated building. Following assumptions are made for the structural system under consideration:
Modeling of isolated building and adjacent structure
1. The point of impact is assumed exactly at the location of base mass, which is rigid in its own plane due to diaphragm action (shear model of superstructure). Impact is in the normal direction (not oblique) as no rotational degrees-of-freedom are considered for the system. 2. The impact is considered on both sides of the building with adjacent structures at the same distance. 3. The superstructure is considered to remain within the elastic limit during the earthquake excitation and impact phenomenon. 4. The system is subjected to single horizontal component of earthquake ground motion.
5. The effects of soil-structure-interaction are not taken into consideration.
Governing equations of motion
For the system under consideration, the governing equations of motion are obtained by considering the equilibrium of forces at the location of each degrees-offreedom. The equations of motion for the superstructure under earthquake ground acceleration are expressed in the matrix form as 
where m b and F b are base mass and restoring force developed in the isolation system, respectively; k 1 is the story stiffness of first floor; and c 1 is first story damping. The impact occurs when the absolute bearing displacement, x b exceeds the isolation gap distance, d between the isolated building and the adjacent structure. A system of differential equation of equilibrium for base mass during impact with the adjacent structure is as follows
where k g and c g are the stiffness and damping coefficient of the adjacent structure, respectively; and sgn denotes the signum function. The restoring force developed in the isolation systems, F b depends upon the type of system considered and described for different systems as follows.
Laminated rubber bearings
The basic components of laminated rubber bearings (LRB) are steel and rubber plates built in the alternate layers [8] . The dominant feature of LRB system is parallel action of linear spring and damping. Generally, the LRB is characterized with high damping capacity, horizontal flexibility and high vertical stiffness. Schematic diagram of the LRB system is shown in Fig. 2(a) which represents the linear behavior with viscous damping. However, the LRB may exhibit hysteretic and stiffening behavior at large deformation. The restoring force developed in the bearing, F b is given by
where c b and k b are damping and stiffness of LRB system, respectively. The stiffness and damping of LRB system are selected to provide the specific values of the two parameters namely the isolation time-period (T b ) and damping ratio (x b ) defined as
where
is the total mass of the baseisolated building; m j is the mass of jth floor; and w b = 2π / T b is the isolation frequency.
Lead-rubber bearings
These bearings are similar to the LRB but a central lead-core is used to provide an additional means of energy dissipation and initial rigidity against minor earthquakes and winds [9, 10] . These bearings are widely developed and used in New Zealand and are generally referred as N-Z system. The energy absorbing capacity by the lead-core reduces the bearing displacement. The N-Z bearings also provide an additional hysteretic damping through the yielding of lead-core. The force-deformation behavior of the N-Z bearing is generally represented by non-linear characteristics. For the present study, Wen's model [11] is used to characterize the hysteretic behavior of the N-Z bearings which is shown schematically in Fig. 2(b) . The restoring force developed in the isolation bearing is given by
where F y is the yield strength of the bearing; a is an index which represent the ratio of post-to pre-yielding stiffness; k b is the initial stiffness of the bearing; c b is the viscous damping of the bearing; and Z is the nondimensional hysteretic displacement component satisfying the following non-linear first order differential equation expressed as
where q is the yield displacement; dimensionless parameters b, t, A and n are selected such that predicted response from the model closely matches with the experimental results. The parameter n is an integer constant, which controls smoothness of transition from elastic to plastic response. The N-Z system is characterized by the isolation period (T b ), damping ratio (x b ) and normalized yield strength i.e. F y /W (where W = Mg is the total weight of the building; and g is the acceleration due to gravity). The bearing parameters T b and x b are computed by Eqs. (5) and (6), respectively, using the post-yield stiffness of the bearing. The other parameters of the N-Z system are held constant with q = 2.5 cm, b = t = 0.5, A = 1 and n = 2.
Pure-friction system
The simplest sliding isolation system is the pure-friction (P-F) system based on the mechanism of sliding friction [12] . The horizontal frictional force at the bearing interface offers resistance to motion and dissipates energy. The schematic diagram of P-F system is as shown in Fig. 2(c) which represent typical Coulomb's friction (i.e. friction coefficient, m is considered independent of sliding velocity). The limiting frictional force in the bearing is F s = mMg (in which m denotes the friction coefficient). Depending upon the magnitude of the frictional force, F x the system will be in stick or slip conditions. The bearing force, F b for non-sliding phase (i.e. F x Ͻ F s ) is given by
The restoring force, F b during the sliding phase is expressed by
Friction pendulum system
The concept of sliding bearings used along with notion of a pendulum type response, by means of an articulated slider on spherical concave chrome surface, marks a friction pendulum system (FPS) [13] . The system is activated only when the earthquake forces overcome the static value of friction, and coefficient of friction depends upon velocity attained. The FPS develops a lateral force equal to the combination of the mobilized frictional force and the restoring force that develops because of rising of the structure along the spherical surface. The schematic diagram of FPS is shown in Fig.  2(d) . The resisting force provided by the system is
where k b is the bearing stiffness provided by virtue of inward gravity action at the concave surface; and F x is the frictional force. The system is characterized by bearing isolation period (T b ) that depends upon radius of curvature of concave surface and friction coefficient (m). The isolation stiffness, k b is adjusted such that the specified value of the isolation period evaluated by the Eq. (5) is achieved.
Resilient-friction base isolator
Resilient-friction base isolator (R-FBI) system consists of concentric layers of Teflon-coated plates in friction contact with each other and a central rubber core [14] . The schematic diagram of R-FBI is as shown in Fig. 2(e) . The bearing force in case of R-FBI system is
Thus, the parameters defining behavior of R-FBI system are the isolation period (T b ), damping ratio (x b ) and friction coefficient (m). The T b and x b are evaluated from Eqs. (5) and (6), respectively.
Electric de France system
A system is developed under the auspices of "Electric de France" (EDF) standardized for nuclear power plants in region of high seismicity [15] . The schematic model of EDF system is shown in Fig. 2(f) . Before sliding takes place, the restoring force is governed by
When the restoring force exceeds the limiting frictional force, F s the sliding at the top plate of the EDF system takes place. The restoring force during the sliding phase remains constant and given by
Thus, the EDF system is characterized by the parameters isolation period (T b ), damping ratio (x b ) and friction coefficient of top plate (m).
Solution procedure of equations of motion
Classical modal superposition technique cannot be employed in the solution equations of motion as (i) the system is non-classically damped because of difference in the damping in isolation system compared to the damping in the building superstructure and (ii) the forcedeformation behavior of N-Z and sliding systems is nonlinear. Therefore, the equations of motion are solved numerically using Newmark's method of step-by-step integration; adopting linear variation of acceleration over a small time interval of ⌬t. The time interval for solving the equations of motion is taken as 0.02/20 s (i.e. ⌬t = 0.001 s).
Numerical study
Seismic response of a base-isolated structure is investigated under various real earthquake ground motions during impact with adjacent structure. Numerical study is carried out using analytical model of the base-isolated building under consideration for calculation of response quantities of interest viz. top floor absolute acceleration and relative bearing displacement. The above response quantities are important because, floor accelerations developed in the superstructure are proportional to the forces exerted due to earthquake ground motion and the bearing displacements are crucial in design of isolation systems. The earthquake motions selected for the parametric study are N00E component of 1989 Loma Prieta earthquake recorded at Los Gatos Presentation Center; N90S component of 1994 Northridge earthquake recorded at Sylmar station and N00S component of 1995 Kobe earthquake recorded at JMA. The peak ground acceleration (PGA) of Loma Prieta, Northridge and Kobe earthquake motions are 0.57, 0.6 and 0.86g, respectively. The displacement and acceleration spectra of the above ground motions for 2% of the critical damping are shown in Fig. 3 . The maximum ordinates of the pseudo-acceleration are 3.559, 1.969 and 3.606g occurring at period of 0.64, 0.52 and 0.36 s for Loma Prieta, Northridge and Kobe earthquakes, respectively. This implies that the selected ground motions are near-fault motions recorded on stations with rocky terrain.
For the present study, the mass matrix of the superstructure [M s ] is a diagonal matrix and characterized by the mass of each floor, which is kept constant (i.e. m j = m for j = 1, 2,…N). Also, for simplicity the stiffness of all stories is taken as constant expressed by the parameter k s . The value of k s is selected to provide the required fundamental time-period of the superstructure as fixed base, T s . The damping matrix of the superstructure, [C s ] is not known explicitly. It is constructed by assuming the modal damping ratio in each mode of vibration for superstructure, which is kept constant. Thus, for the model of the isolated structural system under consideration can be completely characterized by specifying the parameters namely, the fundamental timeperiod of superstructure (T s ), damping ratio of the superstructure (x s ) which is kept constant for all modes, number of story in the superstructure (N), mass ratio m b / m = 1 and isolation system parameters. The adjacent structure with appropriate isolation (separation) gap distance, d is characterized by the stiffness k g and damping coefficient c g . For the numerical study, the x s = 0.02 and mass ratio m b / m = 1 are held constant. The k g is selected as some fraction of inter-story stiffness of isolated structure, expressed as stiffness ratio, k r = k g / k s and damping ratio for adjacent structure, x g is chosen same as that in superstructure of the isolated building. The comparative performance of the building isolated by various commonly used isolation systems such as LRB, N-Z, FPS, R-FBI, P-F and EDF is investigated for the impact response. Further, the effectiveness of the isolation is also measured by comparing the response of isolated building with the corresponding response of non-isolated building. Fig. 4 illustrates time variation of top floor absolute acceleration and bearing displacement of a five-story building isolated by the LRB system for with and without impact conditions under Loma Prieta, 1989 earthquake. The parameters of LRB system considered are T b = 2 s and x b = 0.1 with adjacent structure at a separation gap distance d = 4 cm and stiffness ratio k r = 0.05. The plot indicates that, with impact of isolated structure upon adjacent structure, the acceleration in top floor of isolated building increases as compared to that in case of isolated building when there is no impact. However, the top floor acceleration of non-isolated building are much higher in amplitude with more cycles as compared to the acceleration of the isolated building with impact. This implies that even the benefits of base isolation are decreased due to impact, but the isolation is still effective in reducing the earthquake response of the buildings. However, the capacity demand for superstructure is increased due to increased superstructure accelerations during impact. The peak value of bearing displacement of 53 cm without impact is reduced to 29.1 cm with impact implying the decrease in bearing displacement for impact conditions. Similar trend of increase in the top floor acceleration and reduction in the bearing displacement is observed in case of five-story building isolated by the N-Z (T b = 2. These results show that due to impact of isolated building upon adjacent structure the FFT amplitudes of top floor acceleration are increased which confirms the reduction in effectiveness of isolation pertaining to impact. There is significant increase in the amplitude of FFT amplitudes associated with high frequency content. The increase of the acceleration associated with high frequency content can be detrimental to high frequency equipments installed in the building if impact takes place. Further, the top floor acceleration for the FPS reflects the contribution from higher frequencies as compared to the LRB and N-Z systems even if there is no impact.
The peak top floor absolute acceleration and bearing displacement computed for five-story isolated building using various base isolation systems such as LRB, N-Z, FPS, R-FBI, P-F and EDF under different earthquake motions is compared in Table 1 . The response of all the systems is shown in the cases of impact and no impact with isolation gap distance, d = 4 cm and stiffness ratio k r = 0.05. These results indicate that the top floor acceleration increases due to the impact between isolated building and the adjacent structure. On the other hand, reduction in the peak bearing displacement is also observed, in general. Results obtained for five-story isolated building using sliding systems such as R-FBI (T b = 4 s, x b = 0.1 and m = 0.04), P-F (m = 0.1) and EDF (m = 0.2 and q = 5 cm) confirmed the tendency of isolation systems to lose their effectiveness during impact phenomena. It is also observed in case of 1995 Kobe earthquake that the bearing displacements are increased when impact is occurred in comparison to that without impact condition. This is due to typical variation of the spectral displacement of the earthquake motion in which the peak displacement decreases with the increase of time-period in the range from 1.5 to 3 s (refer Fig. 3) . Amongst elastomeric systems, the N-Z bearing showed more loss of effectiveness of isolation as compared to the LRB system. It can be summarized that the R-FBI system performed well even after the occurrence of the impact as compared to the rest of the isolation systems. However, the structure isolated by the FPS had shown considerable loss of effectiveness of isolation with impact during earthquake amongst all types of isolation systems. In addition, the top floor accelerations of structure isolated by the P-F and EDF systems are found to be less sensitive to the impact phenomenon.
Effects of variation in separation (isolation) gap distance on superstructure acceleration and bearing displacement are studied under different earthquakes for the five-story building isolated by the LRB, N-Z and FPS as shown in Figs. 8, 9 and 10, respectively. The responses are obtained by varying the gap distance and plotted against normalized gap size under different earthquake ground motions. The normalization is carried out with the maximum gap distance beyond which there is no more occurrence of impact between the isolated and adjacent structures. It is observed that there is an initial increase in top floor acceleration up to a certain value Table 1 Peak response of five-story isolated building with and without impact (T s =0.5 s, d=4 cm and k r =0.05). of separation gap distance and it decreases with further increase in the gap distance.
Observation quantity
The maximum increase in the top floor acceleration for intermediate gap distances is due to high velocity of the structure at the time of impact. Three values of stiffness ratio, k r = 0.025, 0.05 and 0.1 are selected to study the effect of stiffness of the adjacent structure on the impact response of base-isolated building. It is seen that with the increased stiffness ratio the top floor acceleration increases because of increased impact forces. The impact response quantities are found predominantly influenced by stiffness of the adjacent structure. As expected, the bearing displacement increases with increase of isolation gap distance and decreases with increase in stiffness of adjacent structure.
In order to study the effects of flexibility of superstructure, the peak top floor acceleration and bearing displacement are obtained for the five-story isolated building with and without impact condition under Loma Prieta, 1989 and Northridge, 1994 earthquakes as shown in Figs. 11 and 12 , respectively. The isolation systems considered are LRB, N-Z and FPS with isolation gap distances, d = 4 and 15 cm with a constant stiffness ratio, k r = 0.05. It is seen from these figures that the superstructure acceleration goes on increasing with the increase in time-period of superstructure. In addition, the bearing displacement shows a trend of decrease with the increase in fundamental time-period of superstructure. This implies that the behavior of the isolated building during impact becomes adverse with increased superstructure flexibility. cm. The impact response is obtained by assigning superstructure fundamental time-period as, T s = 0.1N. The results are also compared with non-isolated and isolated building without any impact. The plots show that there is marginal decrease in top floor acceleration in the isolated building with increased number of story. On the other hand, the bearing displacement increases with the increase in number of stories. It is noteworthy that the trend of variation in top floor acceleration and bearing displacement is similar irrespective of type of isolation system in use. Further, as observed earlier the superstructure acceleration in the isolated structure with impact phenomenon are less than the corresponding acceleration of non-isolated structure implying that the benefits of isolation are preserved even with impact condition. 
Conclusions
Seismic response of base-isolated building during an impact with adjacent structure is investigated. The comparative performance of different isolation systems during impact conditions is studied under real earthquake ground motions. Parametric studies are conducted on shear type of base-isolated structure to observe influence of different parameters of base-isolated buildings such as flexibility of superstructure and number of story on the impact response. In addition, the effects of properties of adjacent structure such as stiffness and gap distance on the impact behavior are also investigated. From the trend of the results of present study, the following conclusions can be drawn.
1. Superstructure acceleration in base-isolated building increases significantly due to its impact upon the adjacent structure during an earthquake. The bearing displacement is reduced consequently. 2. Higher modes of vibration are excited when impact between the base-isolated building and adjacent structure occurs. This can be detrimental to high frequency equipments installed in the building. 3. The superstructure acceleration in the isolated structure with impact phenomenon are, in general, found less than the corresponding acceleration of non-isolated structure implying that the benefits of isolation are preserved even with impact condition. 4. The R-FBI system performs superior with less decrease in effectiveness of isolation due to impact and FPS system performs inferior as compared to rest of the systems. The P-F and EDF systems are less sensitive to the impact phenomenon. 5. As the gap distance between base-isolated building and the adjacent structure increases, there is increase in superstructure acceleration initially up to a certain value of gap distance and then onwards the superstructure acceleration decreases. Bearing displacement increases with increase in gap distance. 6. The stiffness of adjacent structure has significant influence on the response of base-isolated structure during impact. The top floor acceleration increases significantly with impact on stiffer adjacent structure. 7. Increased flexibility of superstructure increases the superstructure acceleration during impact with the adjacent structure whereas bearing displacement is reduced marginally with increased flexibility. 8. With increase in number of story of base-isolated structure, there is marginal decrease in superstructure acceleration and increase in bearing displacement due to impact. However, variation in number of story has insignificant effect on response quantities.
